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LETTERS TO THE EDITOR 
Biophysics of pulsatile perfusion 
To the Editor: 
I was intrigued by the discussions on the long-standing 
controversies of pulsatile versus nonpulsatile flow perfu- 
sions by Drs. Runge and Trinkle (1994;107:642-3) and by 
Dr. Bartlett (1994;107:644-6) in this JOURNAL. Drs. Runge 
and Trinkle mphasized the importance of using "physi- 
ologic" pulsatile waveforms, particularly in relation to rate 
of pressure rise (dP/dt) and ejection time. Dr. Bartlett 
deduced from the existing literature that differences in 
"adrenergic response" at moderate flow rates can account 
for the reported advantages ofpulsatile perfusion and that 
at very low or high flow rates such advantages become 
insignificant. 
Although these insights hed much light on the contro- 
versy, I wish to propose that some of the mysteries may 
also be related to our neglect in considering one of the 
physical laws of rheology. We are used to thinking of flow 
F as R = AP/F, where R is "resistance" and AP "pressure 
gradient." In fact, flow between two points is determined 
not by P alone, but by the total energy difference (AE), 
which has two components: potential energy and kinetic 
energy. I Potential energy is our familiar P, whereas kinetic 
energy depends on the flow velocity (mv2/2) and acceler- 
ation (related to rate of pressure rise [dp/dt]). Pulsatile 
flow is associated with higher kinetic energy: witness the 
higher gasoline consumption of driving your car fast and 
slow in the city compared with that of steady speed driving 
on the highways. It has been repeatedly observed that 
pulsatile perfusion reduces peripheral resistance R. If flow 
is maintained constant, with higher kinetic energy in the 
pulsatile perfusion, a lower P will be recorded and de- 
crease the calculated R. This may account in part for the 
reduced "adrenergic response" described by Dr. Bartlett, 
although I suspect baroreceptors 2 also may respond to E. 
In turn, if mean perfusion pressure P is held constant, 
pulsatile perfusion will result in higher F; thus if the study 
is being done in the low to moderate flow range, pulsatile 
perfusion may demonstrate physiologic advantage. Fi- 
nally, because the magnitude of kinetic energy depends on 
the waveform of the pulsatile flow (whereas the mean 
pressure does not), it may offer a theoretic basis for the 
observations of Drs. Runge and Trinkle and many other 
investigators. 
Ray C J. Chiu, MD, PhD, FRCSC 
Division of Cardiovascular and Thoracic Surgery 
McGiU University 
Montreal, Quebec, Canada 
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Reply to the Editor: 
The comments of Dr. Chiu regarding the greater kinetic 
energy and, hence, the total energy of pulsatile flow 
compared with that of steady flow are of course valid. The 
concept derives from the law of conservation of energy: 
the greater the magnitude of energy delivered into a 
system, the greater the magnitude of energy released by 
the system, in one form or another. 
Grossi and colleagues I quantitated the quality, the 
degree, of pulsatility necessary to significantly reduce 
hypoxic metabolic acidosis in dogs during cardiopulmo- 
nary bypass in 1985. These investigators originated a 
pulsatility scale that they termed the "Pulse Power Index." 
Their work is a must for investigators who would study 
pulsatile versus steady flow. 
Other important in vivo data have been published by 
Trinkle and colleagues, 2 who showed that vigorous pulsa- 
tile flow in human subjects reduced hypoxic metabolic 
acidosis compared with steady flow, and by Jacobs and 
associates, 3 who showed in dogs totally supported by 
pulsatile flow or steady flow that not only was metabolic 
acidosis diminished, but also that interstitial f uid accumu- 
lation (a routine accompaniment of human cardiopulmo- 
nary bypass today) treated with furosemide, hetastarch, 
mannitol, and human albumin in various centers was also 
diminished. 
It is also possible to demonstrate in vitro several 
significant differences in pulsatile flow of physiologic 
morphology versus steady flow. We have done this with 
standard hemodialyzers, dialyzing water spiked with urea. 
At identical flow rates (1) mean pressure is significantly 
higher with pulsatile flow, (2) ultrafiltration volume is 
significantly greater with pulsatile flow, and (3) urea 
clearance is significantly greater with pulsatile flow. 4 
On occasion it has been stated that it is not possible to 
"define" physiologic pulsatile flow, but certainly it is 
possible to define pulsatile flow of physiologic morphol- 
ogy. We stand by the numbers previously published in this 
JOURNAL in February 19945: (1) physiologic rate of pres- 
sure rise (dP/dt) of the waveform within the subject's 
arterial tree (1000 mm Hg/sec or greater); (2) physiologic 
intraarterial ejection time (no greater than 415 msec - 
1.7 × heart rate, after Weissler6); (3) physiologic pulse 
pressure; (4) physiologic rate; and (5) physiologic stroke 
volume. 
Thomas M. Runge, MD 
J. Kent Trinkle, MD 
Division of Cardiothoracic Surgery 
The University of Texas 
Health Science Center at San Antonio 
San Antonio, TX 78284-7841 
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Is left heart bypass by cannulation of both 
femoral arteries an effective form of 
assisted circulation? 
To the Editor: 
I read with great interest he article by Ide and cowork- 
ers, 1 which represents yet another effort toward the 
development of a left ventricular (LV) assist device for 
rapid percutaneous insertion. Their system combines the 
partial unloading of the heart by means of a small- 
diameter catheter inserted retrogradely into the LV with 
the pulsatility of an integrated intraaortic balloon. In their 
study on dogs with heart failure they compare hemody- 
namic status and myocardial blood flow under conditions 
of nonpulsatile and synchronous pulsatile LV bypass. 
They conclude that the pulsatility added to a partial LV 
bypass increases the mean aortic pressure and the total 
cardiac output and ameliorates the myocardial supply/ 
demand ratio. This is an interesting finding inasmuch as 
complete LV unloading cannot be obtained with such 
systems. When transferring their conclusion to the clinical 
setting, they speculate that a flow support of more than 
2 L/min is necessary to obtain the same hemodynamic 
advantages as in their experimental setting. Therefore, 
they propose a model for clinical application that has a 
catheter with an inner diameter of 15F, an outer diameter 
of 20F, and a length of 90 cm. 
Recently, while testing a similar model of LV assis- 
tance, we performed an in vitro study to evaluate the 
pressure drop over flow for cannulas of different lengths 
and inside diameters in conditions of steady and pulsatile 
flow circulation. 2 When we tested in a steady flow circu- 
lation a cannula with a length of 100 cm and an inner 
diameter of 5 mm (approximately the same characteristics 
as those proposed by Ide and coworkers), we found a 
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Fig. 1. Pressure drop over flow for cannulas with differ- 
ent lengths and inner diameters (4,5, 6, 7, and 8 ram). The 
vertical dotted line divides areas of flow with different 
characteristics (laminar and turbulent). (From De Paulis 
R, Engelhardt H, Chiariello L, Reul H, Morea M. In vitro 
evaluation of left ventricular assistance by cannulation of 
both femoral arteries. Int J Artif Organs 1990;13:237-46. 
Published with permission of Wichting Editore, Milan, 
Italy.) 
pressure drop over the cannula that was 150 mm Hg for a 
flow of 2 L/rain and above 200 mm Hg for a flow of 2.5 
L/min (Fig. 1). z When the pressure drop over the cannula 
is greater than the pressure at the cannula inlet, the 
centrifugal pump will start to develop a suction pressure 
that is below atmospheric pressure. If the suction is too 
high, air might be sucked inside the system and the outlet 
of the cannula may have a tendency to collapse. The 
cannula is more likely to collapse if its wall is extremely 
thin. Furthermore, creating conditions of high turbulent 
flow on high suction pressure could eventually lead to a 
higher hemolysis rate. For all these considerations we 
thought hat a 5 mm inner diameter cannula was inade- 
quate in providing the 3 L/rain flow that was deemed 
necessary to assure adequate circulatory support. A 6 mm 
inner diameter cannula w s considered the minimum 
requirement for potential clinical applications, and there- 
fore it was selected for testing in a pulsatile mock circu- 
lation. Under conditions of pulsatile flow the pressure 
drop across the cannula increased with the amount of 
pulsatility of the cannula inlet pressure (the prosthetic left 
ventricle) at a constant bypass flow. This finding was 
